Background: In light of existing regulations regarding the use of nematicides coupled with the global loss of agricultural outputs due to nematodes, new strategies are needed to ensure soil ecosystem health while promoting crop production without the use of potentially dangerous chemicals. Proof of concept methodologies can be used by soil/agricultural scientists interested in identifying potential shortcomings of a given strategy and to identify additional parameters for future work. Using this limited approach allows for the dissemination of information in a stepwise fashion so that changes in research strategies can be initiated prior to final 'definitive' results. This work tests the viability of using coal fly ash, stabilized biosolids, or a mixture of the two to manage plant-parasitic nematode populations and increase carrot yield.
Introduction
This study was designed as a first approximation of the ability of fly ash and/or biosolids to manage plantparasitic nematodes through either direct control (via changes in pH, electrical conductivity (EC), metals) or by promoting bacterial, fungal, and non-plant-parasitic nematode activities (indirect control), which act negatively upon plant-parasitic nematode populations.
The use of chemical compounds to manage populations of plant-parasitic nematodes has been the preferred method used by agriculturalists the world over (Evenson and Gollin 2003) . During the last 50 years, the use of such compounds has altered the natural balance of the soil ecosystem, affecting soil microbial biodiversity and creating soils that are dependent on synthetic compounds (Edwards 1993) and less capable of self-managing plant pathogens (Westphal 2005) . The necessity for alternative nematode management has led soil and plant specialists to apply a wide range of byproducts as soil amendments (Akhtar and Alam 1993; Stirling et al. 2005; Walker 2007) . The ways in which these amendments affect plantparasitic nematode populations are quite diverse and can be direct, indirect, or a combination of both. Direct effects rely on chemical and physical changes in the soil matrix which in turn make the medium inhospitable or noxious to plant-parasitic nematodes (Haydock et al. 2006; Guerena 2006) . Indirect effects can be due to increased populations of biocontrol agents (bacteria and fungi) (RodriguezKabana et al. 1987; Akhtar and Malik 2000; Stirling 1991, Siddiqui and Mahmood 1999) or increased nematode biodiversity, which does not favor plant-parasitic nematodes (Qi and Hu 2007) . Additionally, the application of some soil amendments provides cropped plants with macro and micronutrients not found in traditional fertilizers and promotes healthy plant growth (Davies 1997; Kabirinejad and Hoodaji 2012) . The combination of direct and indirect effects plus healthy plant growth work to manage plantparasitic nematode populations (Magdoff 2001) .
There has been some research on the application of stabilized biosolids and coal combustion fly ash as soil amendments mainly from the standpoints of yield or introduction of potentially toxic organic and inorganic pollutants. The application of these amendments can improve crop yield as well as soil health (Parkpian et al. 2002; Punshon et al. 2002) . Some commercial products made from biosolids and fly ash have been tested under laboratory conditions and in microplot experiments and are shown to affect plant-parasitic nematodes by increasing soil pH and favoring the release of ammonia, both detrimental to nematode propagation (Zasada and Tenuta 2004; Zasada 2005; Zasada et al. 2007 ). The objective of this study was to determine the influence of mixtures of stabilized biosolids and coal combustion fly ash on different nematode feeding groups under field conditions. Specific objectives were to (a) determine if the physical and chemical changes in the amended soils produce nematicidal effects, (b) determine the effects of the amendments on fungal and bacterial activity, and (c) determine the effect of the amendments on carrot yield. Here, we report the findings of two consecutive growing seasons where soil amendments were applied in field microplot experiments that resulted in improved carrot yield and slight changes in nematode populations and biodiversity.
Methods

Experimental design
In order to evaluate the effect of either fly ash, biosolids or mixtures of the two, treatments were combined into those with only soil plus soil with fertilizer (C), fly ash only (AH), biosolids only (BS), or mixtures of fly ash and biosolids (M) at the ratios given in Table 1 . Using this methodology, the average data for each of the four groups of treatments could be assessed relative to their effect on the physicochemical and microbial characteristics of the soil and carrot yield.
The impact of the amendments was tested for two consecutive growing seasons at the University of Western Ontario, Environmental Sciences Western, Field Station, Ilderton, Ontario, Canada. The local soil is a Bryanston silt loam so the soils were first amended with brick sand to approximate the texture of a sandy loam (46% sand, 46% silt, and 8% clay), which is more conducive to nematode proliferation. Stabilized biosolids were collected from the municipal sewage settling ponds at the town of Glencoe, Ontario, Canada, and the fly ash came from the Lambton coal-fuelled generating station, St. Clair River, St. Clair Township, Ontario, Canada. For each season, triplicates of each treatment (Table 1) were placed in microplots (12-L plastic pots) and then randomly buried in the field with a distance of 0.75 m between pots and 1.5 m between rows. Treatment ratios and application rates were prepared based on previous studies (Christie et al. 2001; Canadian International Development Agency 2002) . Collection and preparation of samples for analyses is given below. Treatment details are given in Table 1 , which gives the percentages of each amendment (fertilizer, ash, biosolids, or a combination of both) added to the soil of each 12-L microplot.
Carrot sowing
Treatments were sown with 2 to 3 carrot (Daucus carota L.) seeds each in six holes equidistant from the center of the pot. Soil amendments were prepared and sampled for baseline analyses. Carrot seeds were sown immediately after amendments were prepared. Sprouts were thinned to three plants per pot 2 weeks after emergence based simply on the size of the sprouts.
Treatment sampling
The samples for analyses were prepared by combining samples from each of the triplicates of each treatment into a composite sample. The composite samples included a 2.5 cm × 15 cm core from each of the microplots. Core samples were placed into plastic buckets and disaggregated/mixed until homogeneous. Replicates for different analyses were taken by either cone and quarter or riffle splitter method. In this manner, each of the samples (n) from Table 1 actually represents the average of three replicates.
Electrical conductivity (EC) and pH
From each sample, 20 g was transferred to a 100-mL beaker; 40 mL of deionized water was added followed by rotary shaking for 30 min and settling for 30 min. The pH was measured using an Accumet Model 10 pH meter (Thermo-Fisher Scientific, Waltham, MA, USA) with an Orion 9172 BN probe (Thermo-Fisher Scientific, Waltham, MA, USA) calibrated at room temperature with standard buffers of pH 4, 7, and 10. Subsequently, EC was determined on a 15-mL aliquot of the suspension using a HI 8033 handheld EC/TDS meter (Hanna Instruments, Smithfield, RI, USA) for the range 0 to 1,999 μS.
Nematode extraction and counting
A 100-mL aliquot of the composite sample from each treatment was placed in 2 L of water and stirred using a metal spatula for 2 min to disaggregate the sample. The suspension was allowed to settle for 30 s and then passed through a series of 60 and 325 mesh sieves (openings of 250 and 45 μm, respectively). The 325 mesh fraction was transferred onto a Baermann tray (Whitehead and Hemming 1965) and incubated at room temperature for 24 h. Nematodes were counted using a dissecting microscope and categorized into four feeding groups (bacterial feeders, fungal feeders, plant feeders, and predators; Yeates et al. 1993 ).
Bacterial and fungal colony-forming units
An LB broth with nystatin (0.5 g L ) and tetracycline (0.01 g L ) was used for fungal CFU (Riegel et al. 1996) . A subsample of each treatment (0.5 g) was mixed with 4.5 mL of autoclaved deionized water and vortexed for 2 min. One hundred microliters of diluted suspension for each treatment triplicate was plated for either bacteria or fungi counts under a laminar flow hood and incubated at 25°C in the dark. Bacterial CFU were counted 3 days after plating and fungal CFU were counted 5 days after plating.
Statistical analyses
The data for each set of treatments were combined in order to determine the impact of fly ash, biosolids, and mixtures of both (Table 1) . Data were then subjected to (one-way) ANOVA followed by Tukey's range test (SPSS Statistics 17.0, Chicago, IL, USA).
Elemental analyses
The concentration of plant-available elements was determined after Mehlich III extraction (Mehlich 1984) followed by ICP-AES analysis on baseline samples collected for season 1. Because the same soils and the same raw materials were used to prepare the amendments, the data collected for the first set of samples were used as a reference for the entire study.
Results
For both growing seasons, data (average of 3%, 6%, 9%, 12%, and 15% (w/w) addition of amendment types given) on nematodes, pH, and EC for the average of triplicate microplots for each treatment were used when evaluating the impact of the treatments on soils and nematodes (Table 2 ). Samples were grouped so that differences due to the amendments could be determined. Soil and soil with fertilizers (C) represent the control and give the average data for those samples that received no ash or biosolids, while all samples receiving AH or BS or a mixture of the two (M) represent amended soils. It should be noted that the average data for the triplicate microplots of each of the 3%, 6%, 9%, 12%, and 15% (w/w) application rates for the amendments were extremely variable. It was therefore necessary to compare the averages in order to discern the slight trends observed between treatments and over time.
Nematodes (bacterial feeders, fungal feeders, and plant feeders)
For seasons 1 and 2, average counts for all nematode types from each replicate of a given treatment were extremely variable. As shown in Table 2 , even the average numbers vary significantly and are not consistent going from baseline to harvest in most cases. For season 1 across all treatment types, plant feeder (PF) numbers were highest followed by bacterial feeders (BF) and fungal feeders (FF). Numbers for all nematode types were higher in season 2 than in season 1. For the different treatments, the ratio of BF and FF at baseline relative to harvest increased with the exception of BF with M in season 2 and FF with BS in season 1. The opposite was true for PF which decreased in numbers (or remained similar) going from baseline to harvest. In general, addition of AH resulted in decreased numbers relative to C, and numbers were highest in either the BS or M treatments.
pH
The pH of the soils, ash, and biosolids are very similar, varying by only 0.2 to 0.4 pH units within treatment types going from baseline to harvest and only varying by about Table 1 Treatments for seasons 1 and 2 Treatment Composition C (n = 12) Each sample is a composite sample of three replicates. These data are the average of four replicates each, of soil only and soil + fertilizer (0.7 g ammonium nitrate, 1.4 g of triple superphosphate, and 1.4 g of muriate of potash) AH (n = 15) Average of three replicates each, of fly ash applications at 3%, 6%, 9%, 12%, and 15% (w/w) added to soil BS (n = 15) Average of three replicates each, of biosolid applications at 3%, 6%, 9%, 12%, and 15% (w/w) added to soil M (n = 30) Average of six replicates each, of mixtures of 50:50, ash/biosolids, at 3%, 6%, 9%, 12%, and 15% (w/w) and mixtures of 75:25, ash/biosolids, at 3%, 6%, 9%, 12%, and 15% (w/w) added to soil
All samples were produced from three replicates of each treatment for each of the application rates shown.
0.1 to 0.2 units between treatment types at any given time. Overall, the pH data across treatments and times was slightly higher in season 2.
Electrical conductivity (EC)
Overall, EC was significantly higher in AH treatments, with the exception of season 2 and baseline, and was lowest in the C group. For the mixtrures (M), those containing the higher percentage of ash had higher EC, at baseline and harvest. Electrical conductivity decreased from baseline to harvest in both seasons.
Bacterial and fungal colony-forming units (season 2 only)
Bacterial and fungal CFU data for season 2 are given in Table 3 . Bacterial units are greater than fungal units by over ten times for all treatment types. Within treatment types, there is no trend from baseline to harvest for bacterial colonies, but there is a distinct decrease in fungal colonies. As shown, numbers do not correlate between sampling periods when only AH is added but increase significantly for either BS or M treatments.
Concentrations of elements in amendments (ash and biosolids)
The average concentrations of 14 elements in each of the treatment groups are given in Table 4 ; Ontario guidelines for some of the elements are included (OMAFRA 1996) . Most of the differences between treatment groups are negligible with marginal increases due to either the ash (As, B, Cr, and Fe) or biosolids (Ca, Cu, K, Mg, P, and Pb). All of the elements of potential concern are well below international standards for use on agricultural fields except B, which would not cause a problem at the ratios and application rates chosen for this study. Therefore, no further testing (e.g., at harvest) was done.
Carrot (Daucus carota) yield
Significant differences in carrot yield were found among treatment groups for both seasons (Table 5 ). Higher yields during season 1 may have been due to climate/soil variations; determining the reasons for these differences was not part of this study. For both seasons, addition of AH caused significant decreases in yields relative to C while the highest yields were observed for either BS or M treatments.
Discussion
Bacterial-feeding nematodes (BF)
Bacterial-feeding nematodes increased marginally between baseline and harvest for all treatment groups with the exception of season 2, M treatments. There were no significant correlations between BF and the other parameters when all data for all treatments were considered together. However, when averaged data for each treatment type is considered, BF activity is inversely related to both PF and pH for seasons 1 and 2 and strongly correlated with carrot yields for season 1, but less so for season 2. Other parameters showed negligible associations. Addition of ash only resulted in decreasing BF numbers while BS and/or M caused significant increases. These results are consistent with numerous other studies using ash or biosolids. Decreases in BF populations towards the end of the seasons are consistent with the findings of Mitchell et al. (1978) , who found higher BF populations at the beginning of the test, declining toward the end. These results support the idea that addition of either amendment (ash or biosolids) or a mixture can have a positive effect on BF nematode populations. It is likely that ash alone, which did provide a better media for nematode propagation, was not as effective as when biosolids were added.
Even though the fertilizer also supplied additional nutrients, the biosolids appear to be more significant. These findings are consistent with Weiss and Larink (1991) who suggested that the increase in BF populations found in their sewage sludge-amended treatments was due to an increased nutrient content that led to an increase in microbial biomass, which is also consistent with the results obtained by Dmowska and Kozlowska (1988) . In an experiment involving sludge application to a gravelly loam at pH of 7.2 to 7.6, Mannion et al. (1994) reported very little variation in BF populations, suggesting that at mildly basic pH levels, the influence of sludge on BF is insignificant. These finding are consistent with the present study, where pH ranges were small and close to 8.0.
Elements that can affect nematode populations include As, Cd, Cr, Cu, Ni, Pb, and Zn. Georgieva et al. (2002) found that soils that received heavy metals go through changes that might alter the microbial community, favoring a few species and reducing the positive interactions among them. Higher nematode populations were associated with anaerobically digested sludge with heavy metals in the range of 250 to 2,600 mg kg −1 Zn, 150 to 500 mg kg −1 Cu, 3 to 43 mg kg −1 Cd, 60 to 500 mg kg −1 Cr, 200 to 1,400 mg kg −1 Pb, and 28 to 201 mg kg −1 Ni. These data are much higher than for this study (Table 4 ) and explain why metal effects were not noted. Bardgett et al. (1994) found that microbial respiration decreased and bacterial-feeding nematodes increased as Cu, Cr, and As increased for a stony silt loam at pH 5.7. For a loamy, moderately fine sandy soil, Korthals et al. (1996a) found that at pH of 4-4.7 and 125 mg kg -1 Cu, total nematode populations decreased; additionally, lower pH and higher levels of Cu caused BF populations to decrease. Korthals et al. (1996b) found that concentrations of 1600 mg kg -1 Cu applied to a sandy soil resulted in increases of BF relative to other species. The difference between the last two experiments is that the first looked at the long-term effects and the latter at short-term effects, suggesting that exposure time to the contaminant caused BF to react differently. Weiss and Larink (1991) reported that BF populations increased dramatically with the addition of sewage sludge and/or sewage sludge with metals added for a loamy sandy soil at pH 6.4; where total nematode populations and bacterial-feeding nematodes increased from 1729 to 7216/100 g and 318 to 2950/100 g of soil, respectively. These data are much higher than the present study (Table 4 ). In another experiment (Georgieva et al., 2002 ) that used sludge with metals added (Ni, Cu, and Zn), total BF populations were 16% and 21% higher in treatments to which Ni and Zn had been added, respectively. In the latter study, it was suggested that the increase in BF populations might be due to the wide range of life strategies exhibited by these nematodes, allowing them to adapt to polluted environments. Several studies have found that different concentrations of Cd, Cr, Se, and Zn reduce BF populations because the bacteria they feed on adsorbed enough metals during their life cycle to make them undesirable as food (Bisessar 1981; Doelman et al. 1984; Bouwman et al. 2005; Smit et al. 2002; Korthals et al. 1998; Bakonyi et al. 2003) . In a lab assay, Doelman et al. (1984) showed that the addition of 2-20 mg kg -1 Cd and 20-1000 mg kg -1 Pb to growth media lead to the adsorption of the metals onto bacteria, which resulted in a reduction of BF. As far as metal concentrations are concerned, it bears mentioning again, that in all of these studies the concentrations of the selected metals were much higher than for this work, which might explain why differences in BF were not noted here. In addition, the pH values of the treatments in the present study were high, and limited metal mobility, also decreasing the likelihood of interfering with nematode proliferation.
Fungal-feeding nematodes (FF)
Fungal-feeding nematodes also seemed to have responded well to BS and M treatments and in one case to AH (season 2, baseline). They also showed a mild positive correlation with PF and pH in season 1, but this trend was negative for season 2. These nematodes showed a moderate to strong association with carrot yields for the 2 seasons. The C for season 1 produced the highest numbers while season 2 showed a preference for both BS and M. Fungal-feeding nematodes at different sampling times were, on average, lower in numbers relative to the BF. Reduced numbers for BS and M at harvest for each season may be the result of decaying organic matter with time, which may influence the mobility and the availability of elements (McBride et al. 1997) . The changes in the stored biosolids might have caused changes in nutrient availability, which in turn caused microbial populations to differ from year to year, ultimately affecting nematode populations.
Similarly to BF populations, FF populations are controlled by direct and indirect effects. In the experiment by Korthals et al. (1996a) higher FF populations were found under the same soil conditions described previously. In another experiment using the same soil, Korthals et al. (1998) found that at 400 mg kg −1 each of Cu and Zn, there was an increase in FF. The authors suggest that higher concentrations of Cu and Zn and lower pH cause bacterial biomass to decrease, favoring fungal growth. This shift in microbial communities related to pH change was shown in the experiment conducted by Rousk et al. (2009) . Additionally, there is reduced food competition and predation for FF, causing an increase in their populations. Smit et al. (2002) and Nagy (1999) found that at 1,800 mg kg −1 Zn and 270 mg kg −1 Cu, few species of FF increased. Contrasting with the results from Nagy (1999), a long-term study by Bakonyi et al. (2003) showed a reduction in FF at a total of 270 mg kg −1 Cd, Cr, and Zn in different proportions. Georgieva et al. (2002) showed that low levels of Ni (19 mg kg , respectively) resulted in an increase in FF.
In a short-term study, the results reported by Korthals et al. (1996b) showed a reduction in FF relative to other species. Bisessar (1981) reported that concentrations of Pb, As, Cd, and Cu of 3,564, 163, 26, and 333 mg kg −1 , respectively, decreased FF populations. In the lab assay by Doelman et al. (1984) described previously, levels of Cd and Pb ranged from 1 to 25 mg kg −1 and 10 to 250 mg kg −1 , respectively. The latter authors have suggested that the reduction in FF is due to the absorption of heavy metals by fungal hyphae, which makes this food source toxic, causing the nematodes to stop feeding. Furthermore, high heavy metal concentration in the soil reduces fungal biomass, reducing food availability. These studies were carried out in the pH range between 4.5 and 6.4, suggesting that extreme pH levels enhance heavy metal effects, which was not the case for this study, where pH was near 8.0 in all cases.
Plant-feeding nematodes
Overall, counts for PF nematodes were greater than either BF or FF. Plant feeders (as well as FF season 1) also showed a higher preference for C relative to the other treatments at harvest times, which is opposite for both FF and BF. This difference may be due to their reliance on carrot biomass/hosting in order to support their ontogeny, which is not the case for the other nematode types. Plant feeders also showed a strong positive association with pH and an inverse association with EC. In addition, the PF did not correlate well with carrot yield for either season which may indicate that the total carrot biomass produced is not as important as the simple presence of the carrots as a host organism. The moderate to strong negative correlation between PF and BF and FF can be explained by the fact that PF nematodes are more affected by indirect rather than the direct effects, i.e., microbiology of the soil over physicochemical changes due to the ash or biosolids.
Weiss and Larink (1991) reported higher PF populations in plots that had higher plant biomass when sludge and heavy metals were added to a loamy sandy soil at pH 6.4. Similar results were found by Bouwman et al. (2005) and Georgieva et al. (2002) , where higher PF populations were associated with higher levels of Cd and Zn. Bouwman et al. (2005) suggested that PF populations kept feeding on the roots of plants with high levels of heavy metals because metal content was lower in the root than the shoot. Additionally, higher Zn contents, which reduced plant biomass, might have also reduced PF antagonists including root nodule bacteria, mycorrhizal fungi, and predatory nematodes. Bakonyi et al. (2003) found higher PF populations associated with improved plant growth in plots that received 270 mg kg
Zn. It has also been shown that intermediate levels of Zn (50 to 200 mg kg −1 ) applied to a sandy loam at pH of 4.1 caused PF populations to increase, suggesting that higher root leakage diminished the plant's defense mechanism (Korthals et al. 1998) . In a calcareous loamy chernozem with a pH of 7.4, Nagy (1999) found that plots that received a total of 270 mg kg −1 Ni and Zn at different ratios had higher wheat yield and higher PF populations. In the same study, 228 mg kg −1 Cd and 10 mg kg
Cr proved to be phytotoxic, reducing the availability of wheat as a food source for PF. These results suggest that PF populations are more closely related to food supply and not directly to the concentrations of heavy metals. Under experimental conditions described previously, Mannion et al. (1994) found that low applications of sludge (8% to 24% w/w) did not have an effect on PF populations. Once again, these levels of metals, pH, and sludge application are far different from the present study and may account for why the same impact on nematodes was not noted.
Electrical conductivity
The most pronounced changes in soil physicochemical status for this study was caused by the addition of ash and the attendant increase in EC (approximately 1.5 to 3 times increase over C only at harvest) either by itself or when mixed with biosolids. Changes in EC are negatively correlated with all other parameters except pH. Soil electrical conductivity can be an important predictor of soil biological activity, affecting important soil processes related to physical and chemical interactions. Such interactions can influence nematode activity in soils in relationship with plant development and microbial communities. In a report by Vellidis et al. (2006) , soil electrical conductivity was used in combination with nematode sampling to correlate areas of specific EC with root-knot nematode abundance. The authors reported that lower populations of nematodes (4 to 115 nematodes/unit of soil) were found in areas with EC in the range of 27 to 100 μS cm −1
. These numbers are low compared to the present study where EC ranged (average range for all treatments) from 168 to 640 and 111 to 732 μS cm −1 for season 1 and 2, respectively (Table 2) , suggesting that EC might be responsible for low nematode counts. Nkem et al. (2006) reported no nematode survival in soil samples with EC >4,100 μS cm −1 , while at 1,945 μS cm −1 they reported 80% to 97% survival rates. These researchers suggest that different species of nematodes can tolerate different levels of salinity by entering into a state of osmobiosis. Electrical conductivity levels from the present study did not reach these levels during either season.
pH
The average pH within/between all treatment groups and at different times from this study is very close, at 8.0 ± 0.2 (±0.1 in most cases). At these pH ranges, there is little difference in neither metal/nutrient mobility nor availability nor an appreciable effect on nematode ontogeny. Any trends/correlation between pH and the other parameters was probably due more to EC, which also increased pH slightly.
Several studies (Korthals et al. 1996a (Korthals et al. , b, 1998 (Korthals et al. , 2000 Bardgett et al. 1994; Bouwman et al. 2005; Burns 1970) have demonstrated that pH values in the range of 4.1 to 6.0 might enhance the direct and indirect effects that influence changes in nematode community structure. The combination of direct and indirect effects might favor one or more nematode feeding groups based on increased availability of food or reduced predation from omnivorous or predatory nematodes, which appear to be highly sensitive to heavy metals. Other effects from heavy metals, enhanced by extreme pH levels, might be the higher bioavailability of metals that cause a reduction in plant, bacterial, or fungal biomass, influencing the shifts in nematode populations from different feeding groups. In the previously discussed experiment by Weiss and Larink (1991) , the authors found increased nematode populations from all feeding groups at a pH of 6.4. Populations of bacterial, fungal, and plantfeeding nematodes remained stable throughout the experiment by Mannion et al. (1994) , which is described in the discussion on BF.
Soil bacteria and fungi
Bacterial and fungal CFU were cultured in season 2 only and both (Table 3 ) increased with addition of ash and biosolids. Changes in bacterial CFU were less pronounced than for fungal CFU. The addition of AH did not have much effect on bacterial CFU, and only minor impact was noted for BS and M treatments. Fungal CFU responded dramatically to the application of BS and M to a lesser degree; the response to AH was less pronounced and mixed.
These results are in agreement with the literature where addition of organic matter to soils has been shown to benefit bacterial and fungal populations by improving nutrient cycling and enhancing soil health (Riegel and Noe 2000; Litterick et al. 2004) . Conversely, addition of fly ash to soils at greater than 10% (w/w) has been shown to slow microbial respiration.
Levels of heavy metals in the present study were adequate for maintaining/improving microbial communities. Bacterial and fungal colony-forming units are affected by the same parameters that affect nematodes, favoring or inhibiting their growth and their role as decomposers. In a soil medium that received anaerobically digested sewage sludge with different concentrations of Cd (0.1 to 111 mg kg ), Zibilske and Wagner (1982) reported an initial positive response in bacterial and fungal activity that declined over time and even exhibited inhibition at the end of the incubation period. Microbial populations exhibited these changes at different incubation times depending on the metal added (2 weeks for Cd and Cr, and 1 week for Cu). Additionally, the authors suggest that the higher tested levels of Cd and Cr affect fungal sporulation favoring some species and inhibiting others. The levels of the selected heavy metals from that study are similar to those found in some sludges, presenting a realistic approach on reduction in microbial activity fundamental to sludge decomposition. A study by Schutter and Fuhrmann (2001) showed that application of 25% of fly ash to soils might benefit fungi and some bacteria. They determined this by measuring the fatty acid content in whole soil, which indicated that these populations were enhanced in a soil system that had improved plant growth and nutrient content as a result of fly ash application. The heavy metal levels in the soil amended with fly ash used by the latter authors were 10 mg kg −1 As, 5 mg kg −1 B, 0.03 mg kg −1 Cd, 1 mg kg −1 Cr, 1 mg kg −1 Cu, 0.70 mg kg −1 Ni, and 0.50 mg kg −1 Pb, which in some cases are higher and in some cases lower than those used in the present study (Table 4) .
Carrot yield
Carrot yield data are given in Table 5 for both seasons. The application of ash only resulted in a substantial decrease in yield for both seasons, which is not consistent with the literature and may be a result of the large increase in EC that resulted from ash application. A twofold increase in yield was noted for both seasons with the addition of either BS or M. Biosolids had the largest effect in season 1 while the mixtures were more prevalent in season 2. Carrot yield correlated positively with BF activity in season 1 and was inversely related to PF, FF, pH, and EC. During season 2, yield was positively related to BF and FF and negatively related to the other parameters. Recommendations by Fritz et al. (2006) for carrot cultivation include the selection of well-drained soils with a sandy loam texture in the pH range 5.5 to 7.0. Soil texture for the present study resembles a sandy loam in which drainage and organic matter were improved with increased biosolid application. Sterrett et al. (1982) reported phytotoxicity to several cropped plants at >500 mg kg −1 Zn, >500 mg kg −1 Mn, >25 mg kg
Cu, and >50 mg kg −1 Ni. Levels of these heavy metals in the present study were 3.3 mg kg −1 Zn, 72 mg kg −1 Mn, 2.4 kg −1 Cu, and 0.5 mg kg −1 Ni, being much lower than those reported by the previous authors.
Conclusions
Foremost, it must be noted that this study attempts to delineate the benefits of coal fly ash and/or stabilized biosolids as soil amendments in the roll of suppressing harmful nematode damage. The scope of the study did not allow for optimization trials; rather, its goal was to provide proof of concept trials which can be expanded on during future research. It should also be noted that the vast majority of the research quoted here has been done in a greenhouse environment, where most external variables can be controlled. This work was done in the field, and shortcomings regarding the results may very well be related to ambient climatic/soil changes that were outside the purview of this work. We would suggest that until trials are conducted under field conditions, the results are not necessarily applicable to real agricultural scenarios. The data for this study were extremely variable, which enforces the fact that statistically there is a need to include as many replications as possible when doing nematode studies; this work was not allowed that benefit.
Positive results from this work indicate that at the pH and metal ranges for the raw materials used, little impact on nematode activity was noticed. Future studies would be well advised to analyze raw materials before running trials so that the materials can be preselected for the most potential impact on nematode management. In the case of this study, our goal was to use locally available materials that would be financially viable 'if' they produced the desired outcomes.
Electrical conductivity -as provided by the fly ashhad the greatest impact on nematodes and yield, which is sometimes positive and sometimes negative. Biosolids had, for the most part, the largest positive influence on nematode numbers, which is not necessarily good, but also provided the best increases in yield. Mixtures of ash and biosolids showed similar results.
